Connexins (Cxs) are required for normal embryo development and implantation. They form gap junctions (GJs) connecting the cytoplasm of adjacent cells and hemichannels (HCs), which are normally closed but open in response to stress conditions. Excessive HC opening is detrimental for cell function and may lead to cell death. We found that hatching of in vitro-produced bovine embryos, matured in serum-containing conditions, was significantly improved when vitrification/warming was done in the presence of Gap26 that targets GJA1 (Cx43) and GJA4 (Cx37). Further work showed that HCs from blastocysts produced after oocyte maturation in the presence of serum were open shortly after vitrification/warming, and this was prevented by Gap26. Gap26, applied for the exposure times used, inhibited Cx43 and Cx37 HCs while it did not have an effect on GJs. Interestingly, Gap26 had no effect on blastocyst degeneration or cell death. We conclude that blocking HCs protects embryos during vitrification and warming by a functional effect not linked to cell death.
Introduction
Intercellular communication is of utmost importance during mammalian embryo development, and is established by direct cell-to-cell contact through clusters of channels formed by connexin (Cx) proteins hat are present in the plasma membrane [1] . Cxs belong to a large family of proteins with 21 isoforms being identified in humans that are named according to their corresponding molecular weight. Each Cx consists of four transmembrane segments, two extracellular loops, one intracellular loop, and an N-and C-terminal ending projecting into the cytoplasm. Six Cx proteins gather into a hemichannel (HC) configuration and two HCs belonging to the membrane of adjacent cells connect and create gap junctions (GJs). Gap junctions serve as direct passageways that allow the movement of ions (e.g. Na + , K + , Ca 2+ ), small molecules (e.g. ATP/ADP,
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C The Authors 2017. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved. For permissions, please journals.permissions@oup.com glucose, glutamate), and second messengers (e.g. inositol trisphosphate [IP 3 ], cAMP) between neighboring cells, providing them with a crucial role in the synchronization of cellular functions and tissue homeostasis [2, 3] . In contrast to GJs, free HCs (further referred to as HCs) display a low open probability in normal physiological conditions, but they may be activated in response to stimuli that are primarily associated with cellular stress. Triggers that open HCs include a strong depolarization of the membrane potential, a decrease in extracellular Ca 2+ concentration, an increase in intracellular Ca 2+ concentration, alterations in the phosphorylation status, oxidative stress, ischemic conditions, exposure to proinflammatory cytokines, and mechanical stress [4] . Upon opening, these channels form large poorly selective pores between the intracellular and extracellular environment that mediate the entry or escape of ions (Na + , Ca 2 + , K + ) and molecules (NAD + , ATP, glutamate, prostaglandins, glutathione, IP 3 ) with an MW generally lower than 1.5-2 kDa [5] . While several physiological roles have been proposed, most of the current knowledge points to a detrimental role of HCs that may result in cellular dysfunction and may lead to cell death [6] [7] [8] .
Cryopreservation is widely applied in gametes (oocytes and semen) and embryos for assisted reproductive technologies in animals and humans. In cattle breeding, the cryopreservation of blastocysts allows to optimize embryo transfer by enhancing genetic selection processes and facilitating intercontinental exchange of genetic material. Vitrification is a cryopreservation technique characterized by extremely fast cooling rates inducing solidification without ice crystal formation. Successful vitrification depends on these high cooling and warming rates, and high viscosity of the solutions, achieved by using high concentrations of cryoprotective agents (CPAs), and a small volume of the sample to be vitrified [9] . However, vitrification is a dynamic process during which a number of physical (pH, temperature, osmolarity) and chemical factors fluctuate over a wide nonphysiological range, which results in extensive cell damage [10] . Moreover, it causes physical cell stress due to strong dehydration, rapid cell shrinkage in high osmolarity solutions, and cellular toxicity by the relative high CPA concentrations [11] . Successful vitrification is influenced by different factors that affect embryo cryotolerance. It is known that bovine embryos cultured in the presence of serum are less tolerant to vitrification compared to embryos cultured in serum-free medium [12, 13] . Also oocyte maturation conditions affect embryo freezability, as we have demonstrated earlier, with the addition of palmitic or stearic acid to the maturation medium leading to reduced cryotolerance in bovine blastocysts [14] . In this study, we compared two different oocyte maturation conditions: one with serum and the other serum free, containing only epidermal growth factor (EGF) as maturation inducing factor, whereas the resulting embryos were cultured in serum-free medium. As such, we hypothesized to obtain embryos with different cryotolerance, with lesser cryotolerance being present in the group matured in the presence of serum.
Adapting oocyte maturation or embryo culture conditions can influence embryo freezability, but fine-tuning technical factors, such as the carrier system, can also increase cryosurvival of embryos. Alternative approaches aim to increase embryo resistance to cryopreservation by applying high hydrostatic pressure [15] [16] [17] , by artificially collapsing the blastocyst [18, 19] , by assisted hatching [20] [21] [22] , or by removing cytoplasmic lipid droplets [23, 24] . Interestingly, attempts have also been undertaken to target specific membrane proteins like aquaporins (AQPs), which form channels that facilitate water movement across the plasma membrane. Thus, overexpression of AQP3 in zebra fish embryos was used to dampen osmotic stress and facilitate the passage of CPAs to enhance cellular tolerance against rapid freezing [25] .
Vitrification is a chemically stressful process that may potentially lead to HC opening. In contrast to AQPs, HCs do not allow the passage of water [26] , but as pointed out above, they rather act as toxic pores that may impair embryo development. As such, they facilitate ion flow that consequently may impact water flow. This contrasts to the well-known physiological roles of GJs that are essential for embryo and blastocyst development [1] . In previous work, we demonstrated that blocking Cx channels with the Cx-targeting peptide Gap27 (which mimics a sequence of the second extracellular loop of the Cx protein) protected human blood vessels against freezing/thawing induced cell death of endothelial and smooth muscle cells [27] . We here set out to investigate whether blocking Cx channels, in particular HCs, with Gap26, which mimics a sequence of the first extracellular Cx loop, could improve the outcome for bovine blastocysts undergoing the vitrification/warming process.
Materials and methods

Reagents and media
Culture medium (TCM) 199, basal medium eagle, minimal essential medium, Dulbecco Modified Eagle medium (DMEM), Hanks balanced salt solution (HBSS), TCM199/Hanks/HEPES, RNAsefree PBS, gentamycin, penicillin, streptomycin, fungizone, antiCx37 antibody, secondary antibody Alexa 488, fetal bovine serum (FBS) used in cells, propidium iodide (PI) and 4 ,6-diamidino-2-phenylindole (DAPI) were purchased from Life Technologies Europe. Dextran-fluorescein was obtained from Thermo Fisher Scientific and Waltham, USA. Anti-Cx43 antibody FBS used in embryo production was obtained from Sigma. The Cx channel inhibitor peptides Gap26 (VCYDKSFPISHVR), Gap26 tagged with fluorescein isothiocyanate (FITC) at its carboxy-terminal end (Gap26-FITC), and Gap19 (KQIEIKKFK) were synthesized by Pepnome Limited (Jida Zhuhai, China) at >90% purity.
Hepes-TALP contained (in mM) NaCl (114), KCl (3.1), NaH 2 PO 4 (0.3), CaCl 2 (2.1), MgCl 2 (0.4), NaHCO 3 (2), sodium pyruvate (0.2), sodium lactate (10), HEPES (10) , and further supplemented with 10 μg/ml gentamycin sulfate and 3 mg/ml bovine serum albumin (BSA). The final pH of this medium was set at 7.4. Phosphate-buffered saline (PBS) contained (in mM) NaCl (137), KCl (2.68), CaCl 2 (0.90), MgCl 2 .6H 2 O (0.334), KH 2 PO 4 (1.47), and Na 2 HPO 4 .2H 2 O (6.46) at a final pH of 7.4. Fert-TALP consisted of HEPES-TALP solution, supplemented with 6 mg/ml BSA and 4 mM NaHCO 3 . Synthetic oviduct fluid (SOF) consisted of (in mM) myo-inositol (2.8), sodium citrate (0.3), NaCl (107.6), KCl (7.2), KH 2 PO 4 (1.2), MgSO 4 5H 2 O (1.5), Na lactate (7.1), NaHCO 3 (28.4), Na pyruvate (0.7), CaCl 2 .2H 2 O (1.8), glutamine (0.4), and supplemented with 50 μg/ml gentamycine, 0.4% (W/v) BSA, 5 μg/ml insulin, 5 μg/ml transferrin, 5 ng/ml selenium [28] .
The media used during the vitrification were as follows: handling medium (HM) consisting of TCM199/Hanks/HEPES (cat no. All media were filtered through a sterile 0.22 μm filter (Millipore Corporation, New Bedford, MA) prior to use.
Cells
Wild-type (WT) and HeLa cells stably transfected with murine GJA1 (further referred to as Cx43) and GJA4 (further referred to as Cx37) were used for HC dye uptake and SLDT studies, and were kindly provided by Dr Klaus Willecke (Molecular Genetics and Cell Biology, University of Bonn, Bonn, Germany). Cells were grown in DMEM supplemented with 10% (v/v) FBS, 10 U/ml penicillin, 10μg/ml streptomycin, and 2.5 μg/ml fungizone in 10% CO 2 at 37
• C. HeLa-Cx43 culture medium additionally contained puromycin (1μg/ml).
Embryo production
In vitro-produced bovine blastocysts were derived from immature oocytes that were collected from slaughterhouse ovaries ( Figure 1 ). Cumulus-oocytes complexes (COCs) were recovered from follicles with a diameter of 2-8 mm using an 18 gauge needle attached to a 10 ml syringe. Oocytes with homogeneous dark cytoplasm and compact cumulus cells were selected, and matured in groups of 60 in 500 μl of bicarbonate-buffered TCM199 medium supplemented with two different formulations. The first formulation was based on serum supplementation with 20% (v/v) FBS, 50 mg/ml gentamycin, 0.4 mM L-glutamine, and 2 mM Na-pyruvate; this condition is further referred to as the FBS condition. In the second, serum-free condition, further referred to as EGF condition, the medium was supplemented with 50 mg/ml gentamycin and 20 ng/ml EGF. In both conditions, oocytes were matured for 22 h at 38.5
• C in 5% CO 2 in air. For fertilization, frozen-thawed bovine sperm was separated over a Percoll gradient (45% and 90%; GE Healthcare), washed, hatching/hatched rates were assessed as for the controls (6). All steps were performed at RT except the first warming step which was performed on a heated plate at 38.5
and diluted in Fert-TALP to a final sperm concentration of 1×10 6 spermatozoa/ml. The matured COCs were washed in 500 ml Fert-TALP and co-incubated with sperm for 21 h. After fertilization, presumptive zygotes were first vortexed to remove the excess of the sperm and cumulus cells, and then cultured in groups of 25 in 50 μl droplets of SOF medium [28] at 38.5
• C in 5% CO 2 , 5% O 2 , and 90% N 2 .
Blastocyst vitrification, storage, and warming
In vitro-produced bovine blastocysts were vitrified on days 7 and 8 postinsemination with a slightly modified protocol published earlier [29] . Vitrification was performed at room temperature (RT, 22
• C -26
• C) in two steps: an equilibration step and a vitrification step.
For equilibration, blastocysts were set in 70 μl of HM solution, and this droplet was merged with a second 70 μl droplet also containing ES (for HM and ES composition see the section "Reagents and media"). After 2 min, blastocysts were transferred to a second and third 70 μl ES droplet (each 2 min) and then kept for 6 min in a fourth ES droplet ( Figure 1 ). The vitrification steps included sequential transfer to five 50 μl droplets of VS composition (see the section "Reagents and media"). Incubation in the last droplet was 30 s, and this droplet contained Gap26 (200 μM) in the Gap26 treatment condition. Finally, two to three blastocysts surrounded by a small volume (<1 μl) were placed in a custom-adapted device and then transferred to liquid nitrogen (LN 2 ). The custom-adapted device consisted of a 0.25 ml straw, with the end was cut, creating a surface that allows loading blastocysts with a minimal volume (<1 μl). At the opposite end, a metal wire was inserted to avoid floating of the device in LN 2 ( Figure 1 ). After 1 week of storage in LN 2 , the custom-adapted device containing blastocysts was warmed by transferring it quickly into a 38.5
• C warm HM solution supplemented with 1 M sucrose, and the blastocysts were further incubated for 1 min. This was followed by a three-step sucrose wash-out procedure (3, 5, and 5 min). In the Gap26 treatment condition, the peptide concentration was gradually diluted, halving the concentration with each transfer step: 200, 100, 50 μM ( Figure 1 ). Hereafter, blastocysts were washed three times in HM and then cultured individually in 20 μl SOF droplets overlaid with mineral oil at 38.5
• C in 5% CO 2 , 5% O 2 , and 90% N 2. Blastocyst staging was determined after 1 and 2 days of individual culture, and classified as nonhatching, hatching, hatched, and degenerated ( Figure 5A ). For the nonvitrified controls, blastocysts were selected at days 7 and 8 and individually transferred to 20 μl of SOF droplets at the same conditions that vitrified groups. Nonvitrified blastocysts produced after oocyte maturation in EGF or FBS conditions were cultured with Gap 26 dissolved in HM at the same concentration, and for the same duration of exposure as vitrified ones. Then, blastocysts were cultured individually in 20 μl of SOF droplets and further development (to hatching) was determined after 1 and 2 days of individual culture.
Reverse transcription polymerase chain reaction
Blastocysts were produced as described above, either after oocyte maturation in FBS or in EGF medium. Twenty blastocysts from each condition were washed three times in 3 ml of RNAse-free PBS, transferred to 20 μl of lysis buffer consisting of 5 mM DTT (Dithiothreitol; Promega, The Netherlands), 4 U/μL RNasinPlus RNase inhibitor (Promega), and 0.64 μM Igepal in RNase free water, and immediately stored at −80
• C. RNA was extracted using the RNeasy Micro kit (Qiagen, Belgium) following the manufacturer's instructions, including a genomic DNA removal step. The extracted RNA was dissolved in 14 μL RNasefree water. A minus RT control was performed with GAPDH primers (119pb) (sense) 5 -TTCAACGGCACAGTCAAGG-3 and (antisense) 5 -ACATACTCAGCACCAGCATCAC-3 to check for contamination of genomic DNA [30] . Reverse transcription was performed with oligo-dT primers on the total amount of RNA using the iScriptcDNA synthesis kit (Bio-Rad, Belgium) according to the manufacturer's instructions and cDNA was diluted 2.5-fold for downstream PCR. The oligonucleotide sequences used to amplify the GJA1 (Cx43) used were (sense) 5 -TGGCATTGAAGAGCACGGCA-3 and (anti-sense) 5 -TCAGCAAGAAGGCCACCTCGA-3 . For GJA4 (Cx37), the following sequences were used (sense): 5 -AGCCCG TGTTTGTGTGCCAG-3 and (antisense) 5 -ACCAGGGAGATG AGTCCGACCA-3 . The primers were designed using Primers3Plus [31] based on their conserved bovine mRNA sequences (GJA1; Acc. No.: NM 174068.2, 104 bp and GJA4; Acc. No.: NM 001083738.1, 121bp), avoiding secondary structures as indicated by MFold [32] . BiSearch software was used to confirm specificity [33] .
All PCR reactions were performed in a volume of 10 μl containing 0.5 U FastStartTaq DNA Polymerase and 1 μl 10x reaction buffer (Roche, Belgium), 200 μM dNTPs (Bioline Reagents, UK), 500 nM of each primer (IDT, Belgium), and 2 μl cDNA. The PCR program consisted of initial denaturation at 95
• C for 4 min, followed 
Immunofluorescence microscopy
In vitro-produced blastocysts derived from EGF or FBS maturation conditions were fixed in 4% paraformaldehyde (PFA) for 20 min at RT. Blastocysts were permeabilized with 0.5% Triton X-100 for 1 h and blocked with a solution consisting of 10% goat serum and 0.5% BSA prepared in PBS, at 4
• C overnight. Blastocysts were then incubated with primary antibody, anti-Cx43 polyclonal AB (1:500) or anti-Cx37 polyclonal (1:250) diluted in blocking solution at 4 • C overnight. Blastocysts were rinsed three times with PBS and incubated for 1 h at RT, with the appropriate secondary antibody conjugated with Alexa-488 (1:500). Next, blastocysts were rinsed three times in PBS, counterstained with DAPI 10 μg/ml for 10 min, and mounted with DABCO mounting medium. Images were obtained using a Nikon C1si confocal microscope (Nikon BeLux, Brussels, Belgium), with a Plan Apo VC 20x-63x oil immersion objective (Nikon).
Gap26-fluorescein isothiocyanate uptake measurements
For blastocyst Gap26-FITC uptake measurements, blastocysts were incubated with Gap26-FITC (200 μM) for 1 h at RT. Next, blastocysts were counterstained with DAPI 10 μg/ml for 10 min, mounted with DABCO mounting medium, and visualized with a Leica TCS-SP8 X confocal microscope (Leica Microsystems, Wetzlar, Germany) with a 63× water immersion objective with 1.2 NA.
Hemichannel dye uptake studies
Hemichannel dye uptake studies were performed on HeLa cells and blastocysts. For HeLa cells, cells were seeded at 40,000 cells per cm 2 density in cell culture treated, polystyrene, 4-well culture dishes (SPL Life Sciences, Korea); the assay was performed the next day. Cultures were rinsed once in HBSS followed by three times in DF solution (see the section "reagents and media"). Cells were subsequently incubated for 10 min in DF solution containing the HCpermeable dye PI (668.4 Da; 1 mM), after which cells were washed three times with HBSS, fixed for 15 min with 4% PFA, and stained with 1 μg/ml DAPI. All manipulations were carried out at RT. Images were acquired with a Nikon TE300 epifluorescence microscope equipped with a 10× objective (Plan APO, NA 0.45; Nikon), and a Nikon DS-Ri1 camera (Nikon BeLux, Zaventem, Belgium). In each culture, nine images were taken at fixed locations across the well. The number of PI-positive cells was determined using ImageJ version 1.48 (plugin: Analyze Particles) after applying a threshold that corresponds to the upper level of the background signal, and was expressed relative to the total number of DAPI-positive nuclei. For blastocyst dye uptake studies, blastocysts were washed three times in HEPES-TALP medium and subsequently incubated for 25 min at RT with PI solution (1 mM). PI is also taken up by dead cells, and we therefore performed additional studies with a HC-impermeable dextran-fluorescein dye (10 kDa; 200 μM). After 25 min, blastocysts were washed in HEPES-TALP and fixed for 25 min in 4% PFA. Nuclei were counterstained with DAPI 10 μg/ml for 10 min and mounted with DABCO mounting medium. Three-dimensional images were reconstructed from the blastocyst after acquiring Z-stack images using a Leica TCS-SP8 X confocal microscope (Leica Microsystems, Wetzlar, Germany). The number of PI-positive and dextran-negative cells was expressed relative to the total number of cells per blastocyst. The number of PI-positive cells was determined using ImageJ version 1.48 (plugin: Analyze, Cell Counter) and was expressed relative to the total number of DAPI-positive nuclei.
Scrape-loading and dye transfer studies SLDT studies were done on confluent HeLa cell cultures seeded on four-well dishes. Cultures were rinsed two times with SLDT solution and then exposed for 1 min to SLDT buffer containing the GJpermeable dye 6-carboxy fluorescein (6-CF, 0.4 mM, Life Technologies), after which a linear scratch was made through the cell culture with a syringe needle. After 1 min, cells were washed with HBSS-HEPES and left for 15 min in the dark to allow the dye to spread to neighboring cells. Sixteen images were acquired from each well, along the right and left side of the scrape with a Nikon TE300 epifluorescence microscope equipped with a 10× objective (Plan APO, NA 0.45; Nikon) and a Nikon DS-Ri1 camera. Gap junction communication was quantified by fitting the fluorescence diffusion profile to a monoexponentially decaying function. A spatial constant of dye spread reflecting the degree of GJ coupling was determined with GraphPad Prism 6 (GraphPad Software, San Diego, CA).
Blastocyst cell death studies
For cell death assays, blastocysts were fixed in neutral buffered 4% PFA, and then permeabilized with 0.5% Triton X-100 at RT for 5 min. Cell death was detected by in situ terminal deoxynucleotidyltransferase (TdT)-mediated deoxyuridine triphosphate nick end-labeling (TUNEL), using a commercial In Situ Cell Death Detection Kit (Roche, Belgium). Blastocysts were incubated with the TUNEL reaction mixture for 1 h at 37
• C. Blastocysts treated with DNase for 10 min were used as a positive control, and blastocysts not exposed to TdT enzyme as a negative control. Thereafter, blastocysts were rinsed three times in PBS and stained with DAPI 10 μg/ml for 10 min. Slides were examined by epifluorescence microscopy using a Nikon TE300 inverted microscope with a ×10 objective and equipped with a Nikon DS-Ri1 camera (Nikon BeLux, Zaventem, Belgium).
Statistical analysis
Statistical analysis was determined using Statistical Package for the Social Sciences (SPSS 23). Binomial variables obtained from the embryo development studies were analyzed using a binary logistic regression model. A Bonferroni correction was applied to correct for multiple comparisons. In order to compare the means between groups, an ANOVA test was performed (cell death and dye assay studies). A nonparametric, Kruskal-Wallis test was used to analyze dye uptake in blastocysts, since the results were not normally distributed. The level of statistical significance level was set for P < 0.05. All data are expressed as mean ± standard error of the mean (SEM). The number of blastocysts used in each experiment and condition, as well as the number of replicates is given in Table 1 .
Results
Characterization of connexin expression in bovine blastocysts
We used in vitro bovine blastocysts derived from oocytes matured under FBS or EGF conditions in order to study the Cx expression at mRNA and protein level. We found evidence for Cx37 and Cx43 at the messenger RNA level in the blastocysts derived from both FBS and EGF conditions (Figure 2A ). Immunohistochemical analysis further confirmed the presence of both Cxs at the protein level ( Figure 2B ).
Gap26 effects on Cx43 and Cx37 channels
We tested the effect of Gap26 on the function of channels composed of the two Cxs found in the blastocysts. To this end, we used HeLa cells stably transfected with Cx43 and Cx37 (HeLa-Cx43 and HeLa-Cx37 cells, respectively). We first investigated the effect on GJ channels, making use of SLDT assays with the GJ-permeable low MW dye 6-CF (376 Da, charge:-2). Dye spread to neighboring cells was observed in HeLa-Cx43 cells and was absent in HeLa WT cells. The presence of Gap26 (200 μM; 1 h preincubation and inclusion of the peptide during the 16 min of the SLDT procedure) did not influence GJ-mediated dye transfer (Figure 3) . By contrast, 24 h preincubation did significantly inhibit dye transfer, as previously observed with Gap27 [6] . We did not test Gap26 effects on Cx37 GJs because HeLa-Cx37 cells showed little dye spread with 6-CF, as reported by others [34] [35] [36] . Exposure of the blastocysts to Gap26 in the vitrification/warming experiments described below was ∼10 min (see Figure 1) . As 1 h and 16 min Gap26 incubation did not affect GJ coupling in HeLa-Cx43, we can confidently conclude that shorter Gap26 exposure times will not have any effect on coupling.
We next tested the effect of Gap26 on HCs based on dye uptake studies with the HC-permeable dye PI (MW 668 Da). Exposure of HeLa-Cx43 cells to a nominally Ca 2+ -and Mg 2+ -DF solution that triggers HC opening induced cellular PI uptake that was significantly inhibited by Gap26 (200 μM; 1 min preincubation and inclusion of the peptide during the 10 min of DF stimulation) ( Figure 4A ). Gap19 (200 μM), a specific blocker of HCs composed of Cx43 [37] , also inhibited dye uptake in an equally strong way. Nonspecific dye uptake via larger pores or disrupted membranes was determined in dye uptake experiments with 10 kDa Dextran FITC, which showed one or two cells per inspected field (0.3604 μm 2 ); because of the very low counts, these were not further quantified. We next performed PI uptake studies in HeLa-Cx37 cells and found that DF-triggered dye uptake was, as observed for Cx43, also significantly inhibited by Gap26 ( Figure 4B ).
Effects of Gap26 treatment on embryo development of vitrified/warmed blastocysts
In vitro-produced blastocysts were collected and vitrified on days 7 and 8 postinsemination (see Supplemental Figure S1 for the blastocyst formation rate from both conditions). At day 7, blastocysts and expanded blastocysts of code 1 (excellent and good according to IETS criteria [38] ) were selected for this study. Embryos of this quality have a symmetrical and spherical mass with individual blastomeres that are uniform in size, color, and density [39] . Early blastocysts were kept an additional day in culture and collected on day 8. Overall, less than 2% finally remained at the early blastocyst stage (see Supplemental Figure S2 for the percentages of early blastocysts, blastocysts, and expanded blastocysts obtained at days 7 and 8). Selected blastocysts were randomly allocated into six different groups: two control groups (nonvitrified EGF and FBS) and four vitrified groups (EGF, EGF + Gap26, FBS, and FBS + Gap26), (Table 1) . Nonvitrified groups were cultured in individual droplets of SOF for 2 days and the development to hatching was assessed on days 1 and 2. Vitrified groups were first warmed, and then analyzed for hatching/hatched rate on days 1 and 2, as for the nonvitrified condition. Figure 5A illustrates the different outcomes, while the repartition between these different classes is shown in Figure 5B . In the presence of Gap26, blastocyst degeneration rate appeared to be decreased in the FBS group, but this visible difference did not attain statistical significance as compared to the other groups (P = 0.07) ( Figure 6A ). We next compared hatching/hatched rates on day 1 but no significant differences were observed at that stage ( Figure 6B ). However, significantly higher hatching/hatched rates were observed on day 2 in the vitrified FBS + Gap26 group as compared to vitrified FBS (P < 0.05). Gap26 did not have any effect in the EGF + Gap26 group as compared to the EGF group. Interestingly, the hatching/hatched rate in the FBS + Gap26 group was significantly higher than in the EGF + Gap26 group and also exceeded the hatching/hatched rates in the nonvitrified FBS or EFG groups significantly ( Figure 6B ). Importantly, Gap26 had no effect on the hatching/hatched rate of nonvitrified blastocysts ( Figure 6C ). We further tested the possibility that Gap26 protection in the vitrified FBS group was the result of better Gap26-uptake in the blastocysts as compared to the EGF group. Experiments with fluorescent Gap26-FITC however demonstrated no differences of Gap26 uptake in the EGF group compared to FBS conditions (see Supplemental Figure S3 ).
Gap26 treatment does not influence cell death in vitrified/warmed blastocysts
In order to test if Gap 26 reduces cell death in blastocysts, we performed TUNEL staining in nonvitrified and vitrified blastocysts after 2 days of individual culture in SOF (Table 1) . Blastocysts qualified as degenerated were not used for TUNEL staining. Cell death was always in the range of 5%-10% (relative to the number of DAPIpositive nuclei) and was not different between the different groups ( Figure 7 ).
Vitrification/warming of blastocysts induces hemichannel opening that is inhibited by Gap26
We tested whether vitrification/warming triggers the opening of HCs in the blastocyst cells by making use of dye uptake studies with HCpermeable PI and HC-impermeable 10 kDa Dextran FITC. Blastocysts derived from EFG and FBS conditions were divided into three groups: nonvitrified, vitrified, and vitrified + Gap26 (Table 1) . Immediately after warming, blastocysts were exposed to PI and 10 kDa Dextran FITC for dye uptake experiments. Strikingly, the percentage of PI-positive and 10 kDa dextran-FITC-negative cells was significantly higher in vitrified blastocysts from the FBS group compared to those kept in nonvitrified conditions (P < 0.05) (Figure 8 ). Additionally, Gap26 (also present during the assay) significantly reduced the number of PI-positive/dextran-negative cells. In contrast to this, blastocysts from the EGF group did not show increased PI uptake after vitrification/warming, and there were no differences with the Gap26 treatment condition (Figure 8 ).
In the FBS group, the number of dextran-positive cells was low (nonvitrified: 0.2% ± 0.09, vitrified: 0.5% ± 0.1, and vitrified + Gap26: 0.3% ± 0.07; n = 43-47), pointing to low levels of non-HC linked membrane leakage. None of the dextran-positive cell counts were different from each other, indicating that membrane disruption linked to cell death was not affected by Gap26, in line with the conclusions regarding cell death based on TUNEL staining. 
Discussion
This study demonstrates that inclusion of the Cx channel-inhibiting peptide Gap26 during vitrification/warming of blastocysts improves the blastocyst outcome by promoting the hatching process. The effect was only observed in blastocysts derived from oocytes matured in FBS conditions, but not in those from oocytes matured in EGF conditions. The protective effect of Gap26 on blastocysts from the FBS group exposed to vitrification/warming was linked to an inhibitory effect on Cx HCs. Indeed, HCs opened in response to vitrification/warming in blastocysts from the FBS group, and this response was inhibited by Gap26. By contrast, blastocysts from the EGF group did not show HC opening after vitrification/warming. The exposure to Gap26 during vitrification/warming was too short (∼10 min) to have effects on GJs, pointing to an involvement of HCs rather than GJs. Blocking HCs did not significantly inhibit cell death (TUNEL assays) or plasma membrane disruption (10 kDa Dextran FITC assays), indicating that the protective effect of Gap26 is not linked to cell injury/cell death, but rather results from functional effects that do not kill the blastocyst cells but hamper their developmental progress towards hatching. Cx proteins that assemble into HCs and GJs are abundantly expressed in the cytoplasm during early embryo development and in the plasma membrane after compaction of blastomeres at the morula stage [40] . Cxs play an important role during preimplantation development and embryo implantation as shown in rodents [41] and humans [42] . Various Cxs have been described at different stages of development in rodent embryos (Cx30, Cx30.3, Cx31.1, Cx31, Cx36, Cx40, Cx43, Cx45, and Cx57; [41, 43] ), in human embryos (Cx26, Cx31, Cx32 Cx43, and Cx45; [42, 44] ), and in bovine embryos (Cx30, Cx31, Cx32, Cx36, Cx43, and Cx45; [45] [46] [47] ). Cx43 is the most prevailing Cx and its aberrant expression or channel function may affect embryo survival [42] . Here, in bovine blastocysts, we found evidence for Cx37 that is present at both messenger and protein level; immunohistochemical analysis demonstrated Cx43 and Cx37 in the cytoplasm and the plasma membranes of blastocysts matured in EGF or FBS. The importance of the currently reported presence of Cx37 is that HCs composed of this Cx have a singlechannel conductance of ∼620 pS, which is the highest single-channel conductance of all Cxs (see table 6 in [48] ; HC conductance is twice the single-channel conductance of GJs). Thus, Cx37 and Cx43 form the building blocks of two high-conductance leakage pathways characterized by a single-channel conductance of ∼620 and ∼220 pS, respectively, potentially contributing to significant complications when open during the vitrification/warming process. Recent works in embryonic neurons and smooth muscle cells have demonstrated that even the opening of a single HC per cell is sufficient to alter cell function [49, 50] .
Vitrification has evolved into the most commonly used method for preservation of cells and tissues. It involves exposure to high osmolarity CPA solutions, combined with an extremely fast temperature drop to -196
• C [51] . The high extracellular osmolarity extracts water from the cell and concentrates the permeated CPAs, together with the millisecond temperature drop, this limits ice crystal formation. Intracellular ice crystallization, however, can still occur during the warming process. This is a major toxic event as it is associated with mechanical, chemical, and osmotic stresses induced by the expelling of ions from the water crystals [9, 52] . This is collectively leading to cellular stress, in combination with fluctuations over a wide nonphysiological range of physical and chemical parameters such as osmotic and hydrostatic pressure, ionic composition, pH, and temperature [10] . Cellular stress induces HCs opening that can be inhibited by Gap26 or Gap27 mimetic peptides [5, [53] [54] [55] [56] , and these peptides improve the survival of cells and tissues when exposed to stress conditions [6, [57] [58] [59] [60] .
To test the effect of peptide Gap26 during vitrification/warming, bovine blastocysts were produced from oocytes matured in serumcontaining medium (FBS condition) or serum-free medium (EGF condition). Serum is routinely used in the field for oocyte maturation [61, 62] or embryo culture [13, 63] , although it is known to reduce the cryotolerance. The reduced cryotolerance of blastocysts produced in serum conditions has been explained to result from a higher amount of cytoplasmic lipid droplets that accumulate during the culture period [12] . In the present work, FBS exposure was limited, with FBS only present during oocyte maturation, and not during embryo culture, which took place in SOF medium supplemented with BSA and ITS [28] . While embryos cultured in serum-free media showed higher survival and hatching rates after post-thaw culture than those cultured with serum [13, 64] , limited exposure to FBS during oocyte maturation leads to hatching/hatched rates that are comparable to those from blastocysts derived from EGF condition. In line with this, the data in Figure 6 show that hatching/hatched rates after vitrification/warming were not different between FBS and EGF conditions. Most notably, hatching/hatched rates were not significantly below the rates in nonvitrified blastocysts, indicating a well-optimized cryopreservation procedure.
Most interestingly, significantly higher hatching/hatched rates were observed when Gap26 was supplemented to blastocysts derived from oocytes matured with FBS while no effect was observed for the corresponding EGF condition. This was not due to impaired Gap26 penetration into EGF-derived blastocysts (see Supplemental Figure S3 ), but because HCs did not open in response to vitrification/warming in the EGF condition while they opened in blastocysts derived from FBS condition (Figure 8) . Thus, inclusion of Gap26 protects against cryopreservation stress and improves embryo development in culture leading to significantly higher hatching/hatched rates in FBS compared to EGF conditions. Of note, hatching/hatched rates in FBS + Gap26 were also higher than in control nonvitrified blastocysts. This may be related to the fact that the nonvitrified groups were cultured in total for 10 days, which is the maximum period in vitro. The reason why vitrification/warming gives distinct HC responses in FBS versus EGF conditions is not clear at this moment; it may be linked to differences in the intracellular Ca 2+ concentration, the redox status, or the phosphorylation state. Hemichannel opening is induced by slight elevation of the intracellular Ca 2+ concentration [50, 65] , oxidizing conditions, and dephosphorylation (reviewed in [66, 67] ). We previously reported that the protective effect of Cx channelblocking peptides against cryoinjury in human blood vessels is Blastocysts from the EGF condition did not show PI uptake after vitrification/warming and Gap26 had no effect (n = 118, three replicates). * Comparison to control, P < 0.05; # comparison to vitrified, P < 0.05. mediated by a reduction of cell death [27] . We thus looked at several markers of embryonic injury/cell death, including blastocyst degeneration, TUNEL stainings, and 10 kDa FITC-dextran dye uptake. Figure 6A illustrates that the percentage of blastocysts degenerated on day 2 fluctuated around ∼20%, with the exception of the FBS + Gap26 condition, where a ∼10% degeneration was observed; however, this difference did not attain statistical significance. In a next step, we verified cell TUNEL positivity and 10 kDa FITC-dextran dye uptake in nondegenerated blastocysts. Figure 7 illustrates that 5%-10% of the cells were TUNEL positive, in line with reports of others [68] . The flat TUNEL positivity rates over all groups probably results from a highly optimized vitrification protocol including a very reduced volume of the solution surrounding the blastocyst (<1 μl), which facilitates fast cooling and warming rates. Moreover, there were no significant differences between groups, including the FBS + Gap26 group. Apart from the TUNEL assay which mainly reports apoptosis, we also evaluated cell membrane integrity by assessing 10 kDa FITC-dextran uptake, which reflects cell injury or necrosis. We observed that ≤0.5% of the blastocyst cells had taken up 10 kDa FITC-dextran, meaning they had disrupted plasma membranes; then again, no differences with the Gap26 treated group were observed. Taken together, these results indicate that Gap26 did not inhibit cell death in the blastocysts. Gap26 nonsignificantly reduced the number of degenerated blastocysts in the FBS + Gap26 group but the bar chart in Figure 5B demonstrates that most of the protective effect of Gap26 results from the increased hatching/hatched rates. Collectively, we conclude from these observations that Gap26 protection is not mediated by protection against cell death but results from a functional effect of Gap26 during the vitrification/warming of blastocysts, which improves their hatching success. The vitrification process is a well-optimized and extremely fast procedure; by contrast, more stress is to be expected from the warming phase during which ice crystal formation may occur. In line with this, we found evidence for HC opening in the blastocyst cells shortly after warming. Inhibiting HC opening with Gap26 may prevent the dissipation of transmembrane ionic gradients and the excessive entry of calcium ions, and may counteract the loss of important metabolites from the embryonic cells. Taken together, these actions of Gap26 may promote the physiology of cell function and signaling thereby promoting the hatching process and further embryo development.
This study is one of the few studies that investigated specific plasma membrane protein targets to determine their contribution and protective potential for improving cellular outcome following exposure to cryopreservation stress and injury. Most of the attempts in this field have been directed to fine-tuning the composition of the solutions while targeting specific proteins or channels has been unsolicited. The only other plasma membrane channel that has been investigated in relation to cryopreservation is the family of the AQP channels [25] . These channels facilitate fast water movement and are highly specific for ions and small molecules. Aquaporins play important roles in follicle development, fertilization, blastocyst formation, and implantation [69] . Moreover, they permit faster exchange of water and CPAs like EG, propylene glycol, and glycerol during embryo cryopreservation that enhance tolerance against freezing/thawing stress [70, 71] . Furthermore, the alteration of AQP3 genes improved the cryopreservation process in zebra fish embryos [25] . Although this seems to be a good strategy for cryopreservation in fish, induction of AQP expression in mammalian embryos would involve an extensive pretreatment procedure that might prove difficult to implement because the oocytes and embryos are also aging in culture.
In conclusion, we demonstrate here for the first time that the vitrification/warming of blastocysts that were exposed earlier in development to serum during oocyte maturation leads to opening of the HCs that impair subsequent embryo development. The inclusion of a Cx channel-targeting peptide during vitrification/warming alleviates this event and improves the functional embryo outcome. Thus, targeting Cx channels provides a novel strategy to optimize the functionality of the embryo and improve its subsequent development.
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Supplemental Figure S1 . Blastocyst development is not affected by the maturation condition. Percentage of blastocysts at days 7 and 8 post-insemination produced from oocytes matured in serumcontaining (FBS) or serum-free (EGF) medium (mean ± SEM; n = 1174, three replicates).
Supplemental Figure S2 . Developmental stages of bovine blastocyst produced in vitro. Distribution of different blastocysts stages (according to IETS code) derived from EGF and EFBS conditions at days 7 and 8 postinsemination (n = 1174, three replicates).
Supplemental Figure S3 . Gap26 accumulation in blastocysts derived from EGF or FBS conditions. (A, B) Representatives confocal images after incubation of blastocysts derived from EGF (A) and FBS (B) conditions with 200 μM Gap26-FITC. Gap 26-FITC stains green, while nuclear DAPI staining is blue. Scale bar is 15 μm. (C) Average data of experiments as shown in panels A and B. The bar chart shows the relative fluorescence intensity of Gap26-FITC signal; there were no significant differences (n = 13).
Supplemental Figure S4 . Details of the antibodies used in this study.
